ABSTRACT
Objectives of this study were to determine if concentrations of steroids, insulin-like growth factor -1 (IGF-I), and IGF binding proteins (IGFBP) in follicular fluid and numbers of LH and IGF-I receptors change during growth of the dominant follicle. Ovarian follicular development was monitored daily via ultrasound in lactating Holstein cows. Animals underwent bilateral ovariectomy when the dominant follicle was first identified (days 4-6; estrus = day 0; early; n = 5) or when it stopped growing (days 8-12; late; n = 81. All follicles were classified as dominant (DF), large (LG; 2 6 mm in diameter, excluding DF) or small (SM; < 6 mm), follicular fluid was aspirated, and theta and granulosa cells were collected. Levels of IGFBP-2, assessed via ligand blotting, were greater (P < 0.05) in LG and SM follicles compared with DF in early cows. Levels of IGFBP-3 in follicular fluid were unaffected by follicle class. Numbers of specific 'asI-hCG/LH binding sites in thecal cells were greater U' < 0.011 in DF compared with LG and SM follicles of both early and late cows. Numbers of specific 'z51-hCG/LH binding sites in granulosa cells were similar for follicle sizes in early cows, but, in late cows, were greater (P < 0.011 in DF compared with SM follicles and were severalfold greater (P < 0.01) in late DF compared with early DF. Numbers of receptors for IGF-I in thecal cells were 2-fold greater (P < 0.051 in DF and LG compared with SM in late cows. Numbers of IGF-I receptors in granulosa cells were unaffected by size or growth of follicles, but were severalfold greater than in theta cells. Concentrations of estradiol were severalfold greater (P < 0.01) in DF compared with LG and SM in both early and late cows. Concentrations of androstenedione in early cows were greater (P < 0.05) in DF and SM compared with LG follicles.
Concentrations of progesterone and IGF-I did not differ (P > 0.10) among follicle classes, but both were greater (P < 0.10) in late LG compared with early
LG follicles. Concentrations of IGF-II in follicular fluid did not differ (P > 0.10) between early and late cows but were greater (P < 0.10) in SM than DF or LG follicles. We conclude that low amounts of IGFBP-2 and increased thecal binding sites for hCG/LH appear to be related to establishment of the dominant follicle during the first follicular wave in cattle exhibiting regular estrous cycles during late lactation. (Enclocrinology 137: 2842 (Enclocrinology 137: -2850 I N CATTLE, follicular growth during the estrous cycle has been associated with usually two to three follicular waves, with each wave consisting of a dominant follicle and associated subordinate follicles, based on studies using ultrasonography (1, 2). Recent studies have focused on the regulation of the first-wave (nonovulatory) dominant follicles. Guilbault et al. (3) reported that growing dominant follicles in the first follicular wave of an estrous cycle had high estradiol:androstenedione ratios, whereas the regressing dominant follicles had very low ratios. This agrees with Ireland and Roche (4), who demonstrated that estrogen-active follicles on days 5 and 7 of a bovine estrous cycle had increased numbers of granulosa cells and ability of thecal cells to bind LH and few histological signs of atresia com-pared with estrogen-active follicles on day 3 of an estrous cycle. The endocrine factors responsible for these changes in follicular function are uncertain. One such potential intraovarian regulator is insulin-like growth factor-I (IGF-I), which has been shown to be produced locally within the ovary (5, 6), and concentrations of which increase with follicle diameter in some (7, 8) but not all (9) (6, (13) (14) (15) .
Generally, IGFBPs are inhibitory to the actions of 16, 17 After separation, proteins in gels were electrophoretitally transferred to nitrocellulose, and ligand-blotted overnight with '2SI-IGF-I.
After washing and then exposure to x-ray film at -70 C for 48 h, band intensity on autoradiographs was determined using scanning densitometry.
Statistical analyses
The percentage of cows with two follicular waves in the group ovariectomized early (80%) as compared with those ovariectomized late (75%) was similar (P > 0.10, Chi-square), and thus data for cows with two and three follicular waves were combined within time of ovariectomy for analysis. Follicular fluid hormonal and follicular cell receptor data were analyzed using the least squares ANOVA by the GLM procedure of SAS (26 (Table 1) .
Follicle category affected (P < 0.01) follicular fluid concentrations of estradiol, whereas day of ovariectomy and follicle category by day of ovariectomy interaction were not significant.
Concentrations of estradiol in follicular fluid were greatest (P < 0.01) in dominant compared with large and small follicles in cows ovariectomized both early and late during the first follicular wave (Table 2 ). For both early and late groups, large and small follicles had similar (P > 0.10) concentrations of estradiol. Follicle category and its interaction with day of ovariectomy had no effect (P > O.lO), whereas day of ovariectomy tended (P < 0.10) to influence concentrations of progesterone in follicular fluid (Table 2) . Averaged across follicle category, concentrations of progesterone tended to be greater (P < 0.10) in follicles from cows ovariectomized late (116 + 18 rig/ml) compared with cows ovariectomized early (65 2 21 ng/ ml) during the follicular wave.
Ratios of estradiol: progesterone were affected (P < 0.05) by day of ovariectomy, follicle category and their interaction. Ratios of estradiol: progesterone revealed that all dominant follicles were estrogen active but less so late during the follicular wave (Table 2) .
Follicle category affected (P < 0.05) follicular fluid androstenedione concentrations, whereas day of ovariectomy and its interaction with follicle category was without effect (P > 0.10). Averaged across early and late groups, concentrations of androstenedione in follicular fluid were 5.6-fold greater (P < 0.05) in dominant follicles compared with large follicles and 2.4-fold greater (P < 0.05) in small follicles compared with large follicles (Table 2) . Dominant and small follicles from cows ovariectomized early or late during the first follicular wave had similar concentrations of androstenedione (Table 2 ). The estradiol: androstenedione ratio was affected by follicle category (P < 0.05) but not (P > 0.10) day of ovariectomy or their interaction (Table 2) . Averaged for cows ovariectomized early and late, estradiol:androstenedione ratios averaged 9.4,2.4, and 0.05 for dominant, large, and small follicles, respectively (P < 0.05). e,fa Means without a common superscript differ (P < 0.10).
Concentrations
of IGF-I in follicular fluid did not differ (P > 0.10) among follicle categories. However, cows ovariectomized early during the first follicular wave tended to have lower (P < 0.10) IGF-I concentrations in large follicles than cows ovariectomized late (Table 2) . No significant time of ovariectomy by follicle category interaction was detected. Although diameter of large follicles tended to correlate with concentrations of follicular fluid IGF-I (r = 0.27, P < O.lO), the percentage of follicular fluid IGF-I to plasma IGF-I did not differ (P > 0.10) among follicle categories and averaged 79 of: 7%.
There were no differences (P > 0.10) in progesterone and IGF-I concentrations during the first 5 days of the estrous cycle between cows ovariectomized early or late during the first follicular wave (data not shown). Also, no significant interaction between day of cycle and ovariectomy group existed for plasma progesterone and IGF-I concentrations. Concentrations of IGF-I in plasma averaged 89 I 9 rig/ml and did not (P > 0.10) change between day 0 and 5, whereas plasma progesterone increased (P < 0.05) from 0.14 rig/ml on day 0 to 0.78 t 0.08 rig/ml on day 5 of the estrous cycle.
Concentrations of IGF-II in follicular fluid was not affected (P > 0.10) by day of ovariectomy or its interaction with follicle category. However, follicle category tended (P < 0.10) to influence follicular fluid IGF-II concentrations such that small follicles had greater IGF-II concentrations (226.7 t 15.3 rig/ml) than did dominant (182.9 -t 18.0 rig/ml) or large (188.3 ? 16.4 rig/ml) follicles (Table 2) . Plasma concentrations of IGF-II on the day of ovariectomy averaged 110 ? 10 rig/ml and 110 + 8 rig/ml for early and late cows, respec- tively, and did not differ (P > 0.10). The percentage of follicular fluid IGF-II to plasma IGF-II was affected (P < 0.05) by follicle category but not day of ovariectomy or their interaction (data not shown). Averaged across early and late cows, small follicles had a greater (P < 0.05) percentage of follicular fluid IGF-II to plasma IGF-II (196 + 11%) than dominant (162 + 13%) or large (155 t 12%) follicles. Ligand blotting revealed at least four forms of IGFBP binding activity in bovine follicular fluid. These included a doublet at 40-44 kDa and singlets at 34-, 29-, and 22-kDa (Fig.  1) . The doublet at 40-44 kDa and the singlet at 34-kDa were identified as IGFBP-3 and IGFBP-2, respectively (see Ref. 13) . The singlets at 29 and 22 kDa could not be identified. Binding activity of IGFBP-3 was unaffected (P > 0.10) by category of follicles (small, large, or dominant), day of ovariectomy or their interaction ( Fig. 2A) . In contrast, binding activity of IGFBP-2 was affected by follicle category (P < 0.01) and the interaction between follicle category and day (P < O.Ol), but not day of ovariectomy (P > 0.10). In comparison, binding activity of the 22-kDa IGFBP and 29-kDa IGFBP was affected (P < 0.01) by follicle category but not affected (P > 0.10) by day of ovariectomy or their interaction. In cows ovariectomized early, binding activity of IGFBP-2 in large and small follicles was severalfold greater (P < 0.05) than in dominant follicles (Fig. 2B) . Also, binding activity of IGFBP-2 in dominant follicles increased, whereas IGFBP-2 activity decreased in large and small follicles from early to late in the follicular wave such that IGFBP-2 activity in dominant and large follicles did not differ late in the follicular wave (Fig. 2B) . Binding activity of the 29-kDa and 22-kDa proteins in follicles of cows ovariectomized early was greater (P < 0.05) in small and large follicles than dominant follicles; a difference in these two IGFBPs between dominant and large follicles did not exist in cows ovariectomized late in the first follicular wave (Fig. 2C) . Binding activity of the 22-kDa IGFBP was greater (P < 0.05) in small follicles than large follicles in cows ovariectomized early and late (Fig. 2D ). Total IGFBP activity (i.e. activity of all four IGFBP added) was affected by follicle category (P < 0.05) but not day of ovariectomy or their interaction; total IGFBP activity averaged 5.5, 12.9, and 17.3 t 2.2 arbitrary units for dominant, large and small follicles, respectively, from cows ovariectomized early and 9.1, 11.7, and 14.0 t 2.0 arbitrary units, respectively, from cows ovariectomized late. Binding activities of IGFBP-3, IGFBP-2, and the 29-kDa and 22-kDa IGFBPs in plasma at ovariectomy were not affected (P > 0.10) by day of ovariectomy (data not shown). Averaged across day of ovariectomy, plasma binding activity of IGFBP-3, IGFBP-2, the 29-kDa IGFBP and the 22-kDa IGFBP was 9.3 2 .6, 4.1 t .3, 3.1 +-.2, and 1.6 ? .l arbitrary units, respectively.
Day of ovariectomy and its interaction with follicle category had no effect (P > O.lO), whereas follicle category influenced (P < 0.01) specific binding of '251-IGF-I to thecal cells (Fig. 3A) . Specific binding of '251-IGF-I to thecal cells was similar (P > 0.10) between dominant and large follicles from cows ovariectomized both early and late (Fig. 3A) . Also, specific binding of '251-IGF-I to thecal cells did not differ (P > 0.10) between small and large or dominant follicles from cows ovariectomized early, but was lower (P < 0.05) in small than in dominant and large follicles of cows ovariectomized late (Fig. 3A) .
Specific binding of lz51-IGF-I to granulosa cells was unaffected (P > 0.10) by day of ovariectomy, follicle category, or their interaction (Fig. 3B) . Granulosa cells contained 3-to 5-fold greater specific binding of '251-IGF-I than thecal cells (Fig. 3) .
Similar to thecal IGF-I binding sites, day of ovariectomy, and its interaction with follicle category had no effect (P > O.lO), whereas follicle category influenced (P < 0.01) specific binding of '251-hCG to thecal cells. Specific binding of 1251-hCG to thecal cells was 1.9-and 4.0-fold higher (P < 0. 01) in dominant follicles compared with large and small follicles, respectively, in cows ovariectomized early in the growing phase, and 2.1-and 3.2-fold higher (P < 0.05) in dominant follicles compared with large and small follicles, respectively, in cows ovariectomized late in the growing phase (Fig.  4A ). Thecal cells from large and small follicles in both groups had similar (P > 0.10) specific binding of iz51-hCG. Day of ovariectomy influenced (P < 0.05) specific binding of iz51-hCG to granulosa cells, whereas follicle category and its interaction with day had no effect (P > 0.10). Specific binding of '251-hCG to granulosa cells did not differ between dominant, large, or small follicles from cows that were ovariectomized early (Fig. 4B) . However, in cows that were ovariectomized late, specific binding of '251-hCG to granulosa cells was 6.5-fold greater (P < 0.05) in dominant follicles than in small follicles. Also, specific binding of '251-hCG was 12.5-fold greater (P < 0.05) in granulosa cells of dominant follicles from cows ovariectomized late compared with dominant follicles in the early growing phase. Thecal cells contained severalfold greater specific binding of '251-hCG than granulosa cells during the early growing phase, but these differences did not exist during the late growing phase (Fig. 4) .
Discussion
Results of the present study indicate that 1) dominant follicles early in their development had greater concentrations of estradiol and androstenedione and lower IGFBP-2, 29-kDa, and 22-kDa IGFBP activity in follicular fluid than did subordinate large and (or) small follicles; 2) dominant follicles had concentrations of progesterone, IGF-I, IGF-II and IGFBP-3 activity similar to those found in subordinate large follicles, regardless of their stage of development; 3) specific binding of lz51-IGF-I to granulosa and thecal cells did not differ between dominant follicles and subordinate large follicles both early and late in their development; 4) specific binding of '251-hCG to thecal cells was greater in dominant follicles than subordinate large and small follicles both early and late in their development; and 5) specific binding of '251-hCG to granulosa cells was greater in dominant follicles than subordinate large and small follicles late but not early in their development.
Estradiol concentrations were greatest in dominant follicles compared with subordinates regardless if they were in the early or late growing phase, which agrees with earlier reports in cattle (1, 3, 4, 19, (28) (29) (30) (31) . As the first dominant follicle regresses, concentrations of estradiol in its follicular fluid decrease (3, 28) and are associated with a decrease in follicular P450 aromatase mRNA (29). The loss in the ability of estrogen-active follicles to produce estradiol during the first two weeks of an estrous cycle has been associated with decreased numbers of granulosa cells and reduced numbers of LH receptors in granulosa and thecal cells (4). Levels of androstenedione also were greater in dominant follicles early in their growth phase compared with their subordinate follicles. These greater androstenedione concentrations in dominant follicles of the present study were related to a greater number of LH / hCG receptors in thecal cells since these two variables were correlated (r = 0.41, P < 0.01). In addition, concentrations of estradiol were correlated with androstenedione concentrations (r = 0.64, P < 0.01) and numbers of LH/ hCG receptors in thecal cells (r = 0.36, P < 0.05) in dominant and large follicles. Thus, it appears that both thecal and granulosa cell steroidogenic enzyme activity are coincidentally increased in the early developing dominant follicle.
Concentrations of IGF-I did not differ between dominant and subordinate large or small follicles during the first follicular wave of an estrous cycle in cattle, an observation not previously reported. Similarly, IGF-I concentrations in follicular fluid of large preovulatory follicles with high estradiol concentrations do not differ from those in small (< 4 mm) or medium follicles (4-7.9 mm) with low estradiol concentrations (7, 8, (32) (33) (34) . Also, similar to previous reports (7, 8, 21) , concentrations of IGF-I in follicular fluid tended to correlate positively with follicular diameter in cattle. In other studies in which FSH (35) and somatotropin (9) treatments were applied, follicular diameter and follicular fluid IGF-I concentrations were not correlated. Whether changes in concentrations of IGF-I in follicular fluid are the result of altered local biosynthesis or changes in diffusion of IGF-I from blood (which was on average 20% greater than in follicular fluid) remains to be elucidated. We have reported the presence of IGF-I mRNA in thecal and granulosa cells of bovine follicles (5, 6) as well as IGF-I production by cultured bovine granulosa cells (5). Thus, IGF-I is likely produced by ovarian follicles in cattle, but its contribution to the IGF-I measured in follicular fluid remains uncertain.
Reported here for the first time, concentrations of IGF-II did not differ between dominant and subordinant large follicles during the first follicular wave of an estrous cycle in cattle. However, IGF-II concentrations tended to be greater in small than in dominant or large follicles, which is in general agreement with a previous report in ewes (22) and cattle (6). As with IGF-I, whether changes in concentrations of IGF-II in follicular fluid are a result of altered local biosynthesis or changes in diffusion of IGF-I from blood (which averaged about 50% of that measured in follicular fluid) remains to be elucidated.
IGF-II mRNA is present in follicular walls of ewes (22), granulosa cells of women (36), and thecal cells of rats (37), indicating that ovarian production is likely. However, further studies will be required to determine if bovine granulosa or thecal cells produce IGF-II. The main IGFBPs identified in plasma and follicular fluid of the present study were IGFBP-3 and IGFBP-2. Binding activity of IGFBP-3 in bovine follicular fluid was unaffected by size or stage of growth of the dominant follicle, whereas IGFBP-2 binding activity was low in the early growing dominant follicle and increased after growth had slowed. The lack of differences in binding activity of IGFBP-3 between estrogen-active and estrogen-inactive follicles agrees with observations of Echternkamp et al. (13) . The latter authors also did not find any IGFBP-3 in bovine granulosa or thecal homogenates and suggested that IGFBP-3 was sequestered from the blood or other ovarian tissue. In support of this suggestion, the percentage of follicular fluid to plasma IGFBP-3 activity averaged 81% in the present study. The 29-kDa and 22-kDa IGFBP also demonstrated lower binding activity in early growing dominant follicles compared with subordinant small and large follicles. These results are consistent with other work examining estrogen-active preovulatory follicles in cattle (13) and women (38), and large US. small follicles in sheep (22) and swine (39). The 29-kDa IGFBP is assumed to be IGFBP-5, based on immunoblotting of follicular fluid (9) and pituitary samples (40) in cattle. The 22-kDa IGFBP is most likely IGFBP-4 because the molecular weight is similar to proteins identified as IGFBP-4 in humans (41) and sheep (42). Also, mRNA for the latter two IGFBPs has been identified as being almost exclusively localized in atretic follicles of murine ovaries (43, 44) . In the present study, the percentage of follicular fluid to plasma binding activity of IGFBP-2, the 29-kDa IGFBP, and the 22-kDa IGFBP averaged 131%, 238% and 131%, respectively, in small follicles, suggesting that follicles may produce these IGFBPs. Based on preliminary studies, we find that bovine granulosa and thecal cells secrete small but detectable amounts of only the 22-kDa IGFBP in vitro (Spicer, unpublished observations because granulosa cells used after in vitro culture are > 95% viable whereas granulosa cells that are freshly isolated are < 30% viable (48), the ability to detect differences in cell function between type and size of follicle would be greatly accentuated using cultured cells. In addition, specific IGF-I binding to granulosa cells was greater than that found in thecal cells. This is consistent with previous in sittl hybridization studies where IGF-I receptor mRNA was found to be more prevalent in the membrana granulosa than theta interna of rat (49) and human antral follicles (35, 50, 51) . The hormonal regulation of IGF-I receptors also differs between bovine granulosa and thecal cells (11, 18, 52) .
For example, epidermal growth factor decreases numbers of IGF-I receptors in thecal cells, whereas epidermal growth factor has no effect on numbers of IGF-I receptors in granulosa cells cultured from large bovine follicles (11 IGFBP-2, the 29-kDa IGFBP, and 22-kDa IGFBP activity were all negatively correlated (r = -0.23 to -0.29, P < 0.05) with numbers of thecal LH/hCG binding sites in the present study. Regardless of the stimulus, an increase in thecal LH receptors may allow for greater thecal androgen production and subsequently greater estradiol production by granulosa cells. The early growing dominant follicles demonstrated lower IGFBP activity along with an increase in the number of thecal LH/ hCG binding sites and no change in the numbers of IGF-I receptors. Previous work in our laboratory (11) showed that the increase in steroidogenesis of bovine thecal cells (from follicles 2 8 mm in diameter) ilz vitro in response to IGF-I and LH is due, at least partly, to increased binding sites for LH which were induced by IGF-I. However, LH (3 to 100 rig/ml) and estradiol (10 to 1000 rig/ml) had no effect on numbers of IGF-I binding sites in bovine thecal cells (Spicer, unpublished observations; 11) . In contrast, both FSH and estradiol increased numbers of IGF-I binding sites in cultured bovine granulosa cells (18). Thus, greater numbers of IGF-I binding sites in granulosa VS. thecal cells may be due to the increase in estradiol in follicular fluid and to the increase in blood FSH observed to occur before growth of the dominant follicle (56). In conclusion, results of the present study support the hypothesis that the procurement of LH receptors in thecal cells and increased bioavailable IGF-I in follicular fluid may be critical to the establishment of follicular dominance, whereas IGF-I receptors may only play a permissive role. Furthermore, increased intrafollicular IGFBP activity and thus decreased bioavailable IGF-I may play a role in the early stages of regression of the dominant follicle during the first follicular wave. 
